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1 INTRODUCTION

ABSTRACT

Magnitude-limited samples have shown that 20-25 per cent of cataclysmic variables contain
white dwarfs with magnetic fields of Mega Gauss strength, in stark contrast to the approximately
5 per cent of single white dwarfs with similar magnetic field strengths. Moreover, the lack
of identifiable progenitor systems for magnetic cataclysmic variables leads to considerable
challenges when trying to understand how these systems form and evolve. Here we present a
sample of six magnetic white dwarfs in detached binaries with low-mass stellar companions
where we have constrained the stellar and binary parameters including, for the first time,
reliable mass estimates for these magnetic white dwarfs. We find that they are systematically
more massive than non-magnetic white dwarfs in detached binaries. These magnetic white
dwarfs generally have cooling ages of more than 1 Gyr and reside in systems that are very close
to Roche-lobe filling. Our findings are more consistent with these systems being temporarily
detached cataclysmic variables, rather than pre-cataclysmic binaries, but we cannot rule out the
latter possibility. We find that these systems can display unusual asymmetric light curves that
may offer a way to identify them in larger numbers in future. Seven new candidate magnetic
white dwarf systems are also presented, three of which have asymmetric light curves. Finally,
we note that several newly identified magnetic systems have archival spectra where there is
no clear evidence of magnetism, meaning that these binaries have been previously missed.
Nevertheless, there remains a clear lack of younger detached magnetic white dwarf systems.

Key words: binaries: close — stars: white dwarfs — stars: late-type — stars: magnetic fields —
stars: novae, cataclysmic variables

these systems appear to host a magnetic white dwarf (Ferrario et al.
2015), but the true incidence could be far higher, with magnetic sys-

Magnitude-limited surveys have revealed that approximately five
per cent of isolated white dwarfs possess megagauss magnetic fields
(Kepler et al. 2013), generally identified spectroscopically via the
Zeeman splitting of their absorption lines. The magnetic incidence
is slightly higher in volume limited samples (Tremblay et al. 2020;
McCleery et al. 2020) and polarimetric observations suggest that
almost one in five white dwarfs could possess at least kilogauss
magnetic fields (Landstreet & Bagnulo 2019; Bagnulo & Landstreet
2020).

A higher magnetic incidence is seen among the white dwarfs
in mass transferring cataclysmic variable (CVs). 20-25 per cent of
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tems making up 36 per cent of CVs within 150 pc (Pala et al. 2020).
However, despite being the direct progenitors of CVs, the incidence
of magnetism among detached white dwarf plus main-sequence
star binaries is extremely low (Liebert et al. 2005, 2015), with only
a handful of detached magnetic systems serendipitously identified
(e.g. Reimers et al. 1999) among the hundreds of known detached
post-common-envelope binaries (PCEBs) (Schreiber et al. 2010;
Rebassa-Mansergas et al. 2016). Moreover, all of these detached
magnetic white dwarf binaries contain cool (T < 10,000K),
hence old, white dwarfs accreting material from the wind of their
main-sequence companions and so the progenitors of magnetic CVs
remain elusive.

This issue was addressed by Tout et al. (2008), who developed
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the theory that the magnetic fields of white dwarfs are generated
via a dynamo operating during a common-envelope phase. In this
scenario all magnetic white dwarfs would have originally been part
of binary systems which were close enough that once the progeni-
tor of the white dwarf evolved off the main-sequence it engulfed a
companion star. Tout et al. (2008) hypothesised that the closer the
two stars got within the common-envelope, the stronger the result-
ing magnetic field of the white dwarf would be, with the highest
field strengths resulting from systems that merge during the com-
mon envelope, creating isolated, high-field magnetic white dwarfs.
This idea also means that those binaries that survive the common-
envelope phase with a magnetic white dwarf must be very close and
would rapidly evolve into CVs, spending very little time as detached
pre-CVs.

However, recently Belloni & Schreiber (2020) demonstrated
that this model cannot be correct. Using population synthesis they
showed that this process would lead to an extremely high magnetic
incidence among white dwarfs in close binaries, in fact the over-
whelming majority of these binaries should be strongly magnetic.
The predicted magnetic field strengths were also too low compared
with those measured for white dwarfs in CVs, with this process
only able to create white dwarfs with field strengths of around
5 MG, compared to observations of CVs with typical magnetic field
strengths of 7-230 MG (Ferrario et al. 2015). Moreover, this model
still produces a substantial number of hot (young) magnetic white
dwarfs in close detached binaries, a population that is completely
absent among the observed samples. It therefore remains unclear
how magnetic CVs are created and why there is an absence of
young magnetic white dwarfs in detached pre-CVs.

The small number of old magnetic white dwarfs in detached
binaries represent a crucial population for understanding how mag-
netic CVs are formed and evolve. If they are genuinely pre-CV
systems (i.e. they have been detached since the end of the com-
mon envelope phase) then this would lend support to the idea that
magnetic CVs descent from detached magnetic PCEBs and these
systems would be pre-polars (PREPs, Schwope et al. 2009). On the
other hand, if they are magnetic CVs that have temporarily detached
(so-called low accretion rate polars, LARPs, Schwope et al. 2002),
then this would imply a complete lack of magnetic white dwarfs in
pre-CVs, meaning that the magnetic fields of the white dwarfs in
CVs would need to be generated during the CV phase. However, two
factors have prevented a detailed investigation of this population,
firstly, only ten systems are currently known (Ferrario et al. 2015)
which limits any conclusions that can be drawn since the sample is
subject to heavy selection effects. Secondly, the stellar and binary
parameters of these systems are poorly constrained, since these bi-
naries are single-lined and the spectra often heavily contaminated
by strong cyclotron emission, making direct measurements diffi-
cult. Precise measurements of the fundamental parameters of these
binaries, such as the white dwarf masses and Roche-lobe filling
factors, would be a powerful result that could distinguish between
the pre-CV or temporarily detached CV scenarios.

In this paper we identify four new magnetic white dwarfs in
detached binaries. We analyse these binaries in detail, as well as
two previously identified detached magnetic white dwarf binaries,
to precisely determine the stellar and binary parameters for all six
systems. We then discuss what these measurements imply for the
evolutionary history of these systems.

2 TARGET SELECTION

The small number of previously discovered magnetic white dwarfs
in detached binaries with low mass stellar companions were pre-
dominantly identified via cyclotron emission lines in their optical
spectra, which mark them out from the otherwise similar spectra
of non-magnetic white dwarfs in detached PCEBs. While these cy-
clotron lines allow a confident classification of a system as possess-
ing a magnetic white dwarf, it is likely that not all magnetic systems
exhibit strong cyclotron lines at optical wavelengths, as the strength
of the cyclotron lines is related to the accretion rate of material
onto the white dwarf. In these detached binaries it is thought that
the accretion occurs via the white dwarf capturing material from
the wind of the main-sequence star. This makes the strength of the
emission lines sensitive to the binary separation. A wider orbit will
decrease the accretion rate, making the cyclotron lines weaker and
possibly undetectable. Moreover, depending upon the orientation of
the binary and the location of the magnetic poles on the white dwarf,
the strength of the cyclotron lines can vary substantially over the
binary orbit, potentially even disappearing entirely if the magnetic
poles rotate out of view (e.g. Reimers et al. 1999; Schmidt et al.
2005a). Finally, most known magnetic white dwarfs in detached bi-
naries have field strengths of several tens of megagauss, where the
cyclotron lines appear in the optical. However, lower magnetic field
strengths will shift these lines towards longer wavelengths, mean-
ing that signs of magnetism may no longer be evident in the optical
spectrum. This is the case for the eclipsing magnetic white dwarf
in SDSSJ030308.35+005444.1, which possesses a magnetic field
with a strength of only 8 MG (Parsons et al. 2013). In this case the
cyclotron lines appear at infrared wavelengths and the optical spec-
trum shows no clear indication of magnetism (Pyrzas et al. 2009).
Therefore, it is possible to miss magnetic white dwarf systems if
only a single low resolution optical spectrum is available.

While the optical spectrum of SDSS J030308.35+005444.1
shows no cyclotron lines, it does hint that there is something un-
usual about the white dwarf. The temperature of this white dwarf
is thought to be around 9 000 K (Pyrzas et al. 2009; Parsons et al.
2013). A non-magnetic white dwarf of this temperature should pos-
sess strong Balmer absorption lines that would be easily detectable
in the Sloan Digital Sky Survey (SDSS) spectrum of this source,
even after accounting for the dilution from the M dwarf companion.
However, there are no obvious Balmer lines in the SDSS spectrum
and the white dwarf was classified as a featureless DC white dwarf
(Rebassa-Mansergas et al. 2016). High resolution data revealed that
the lack of Balmer absorption lines is due to a combination of Zee-
man splitting and additional Balmer emission from the white dwarf
(Parsons et al. 2013), hence magnetism is clearly the cause of the
lack of Balmer absorption lines in the SDSS spectrum of this sys-
tem. Apart from cyclotron emission lines, very few white dwarfs in
these systems show (Zeeman split) Balmer absorption lines. There-
fore, it is worth investigating other systems previously classified as
DC+dM binaries for signs of magnetism.

On this premise, the sample presented in this paper covers
the majority of systems classified as close DC+dM binaries in the
SDSS white dwarf main-sequence binary catalogue of Rebassa-
Mansergas et al. (2016). Our sample also contains two previously
known, but poorly studied, detached magnetic white dwarf binaries
(ILLeo and HS 0922+1333), which were included in order to un-
derstand the general properties of this population. We also included
two systems with unusual Catalina Real Time Transient Survey
(CRTS) light curves (SDSSJ0750+4943 and SDSS J2229+1853),
where magnetism was suspected as the cause of the highly asym-

MNRAS 000, 1-22 (2021)



Table 1. Journal of spectroscopic observations. For X-shooter observations
we list the number of spectra obtained and exposure times in the UVB, VIS
and NIR arms.

Telescope/ Date No. of  Exopsure Transparency seeing
Instrument spectra  times (s) (arcsec)
SDSS J022503.02+005456.2:

VLT/X-shooter 31 Aug 2017 5/8/13 600/350/240 Clear 0.5
VLT/X-shooter 16 Sep 2017 5/8/13 600/350/240 Clear 0.6
SDSS J075015.11+494333.2:

INT/IDS 11 Feb 2015 13 900 Thin clouds 1.0
SDSS J084841.17+232051.7:

VLT/X-shooter 15 Apr 2017 6/11/31 600/300/120 Clear 0.5
VLT/X-shooter 18 Apr 2018 15/27/75 600/300/120 Clear 0.9
SDSS J085336.03+072033.5:

VLT/X-shooter 17 Apr 2017 10/18/30 600/300/200 Clear 0.8
HS 0922+1333:

VLT/X-shooter 15 Apr 2017 10/18/30 600/300/200 Clear 0.5
IL Leo:

VLT/X-shooter 16 Apr 2017 20/18/22 300/334/300 Clear 0.6
SDSS J114030.06+154231.5:

VLT/X-shooter 16 Apr 2017 10/18/30 600/300/200 Clear 0.6
VLT/X-shooter 17 Apr 2017 5/9/15 600/300/200 Clear 0.8
VLT/X-shooter 15 May 2018 5/9/15 600/300/200 Clear 0.5
SDSS J131632.04-003758.0:

VLT/X-shooter 16 Apr 2017 5/9/15 600/300/200 Clear 0.6
SDSS J145238.12+204511.9:

VLT/X-shooter 16 Apr 2017 10/18/30 600/300/200 Clear 0.6

SDSS J220848.32+003704.6:
VLT/X-shooter 30 Aug 2017 5/8/13 600/350/240 Thin clouds 0.7

VLT/X-shooter 4 Sep 2017  5/8/13 600/350/240 Clear 0.6
SDSS J222918.95+185340.2:

INT/IDS 25 Jul 2015 3 900 Clear 1.2
VLT/X-shooter 30 Aug 2017 10/18/44 600/300/135 Thin clouds 0.6
VLT/X-shooter 31 Aug 2017 10/18/44 600/300/135 Clear 0.5

metric shape of the light curves (Parsons et al. 2015). Since the
majority of our observations were obtained in the southern hemi-
sphere, we were unable to observe northern DC+dM binaries in the
Rebassa-Mansergas et al. (2016) catalogue, therefore our sample is
not a complete study of all known DC+dM binaries. In total this
paper presents new spectroscopic data for 11 systems.

Finally, seven new candidate detached magnetic white dwarf
binaries were discovered during a search for unusual quasars in
Kohonen maps of SDSS spectra (Meusinger et al. 2012, 2016).
These systems are discussed in Section 6.

3 OBSERVATIONS AND THEIR REDUCTION

A full list of our observations is given in Table 1.

3.1 VLT/X-shooter spectroscopy

The bulk of our spectroscopic observations were performed with
the medium resolution echelle spectrograph X-shooter (Vernet et al.
2011), which is mounted at the Cassegrain focus of the VLT-UT2 at
Paranal, Chile. X-shooter covers the spectral range from the atmo-
spheric cutoft in the UV to the near-infrared K band in three separate
arms, known as the UVB (0.30—0.56 microns), VIS (0.56—1.01 mi-
crons) and NIR (1.01-2.40 microns). Separate slit widths can be set
for each arm and our observations were performed with slit widths

MNRAS 000, 1-22 (2021)
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of 1.0, 0.9 and 0.9 arcsec in the UVB, VIS and NIR arms respec-
tively. We also binned the detector in the VIS arm by a factor of 2
in the spatial direction, while the UVB arm was binned by a factor
of 2 in both the spatial and dispersion directions This results in a
resolution of R~5000 in the UVB and NIR arms and R~8000 in the
VIS arm. All of the data were reduced using the standard X-shooter
pipeline release (version 3.5.0) within ESOREFLEX.

The VIS arm spectra were telluric corrected using MOLECFIT
(Smette et al. 2015; Kausch et al. 2015). Since our observations
were performed in stare mode (in order to minimise overheads in the
optical) the NIR spectra have poor sky subtraction and therefore no
telluric correction was attempted for these data. The fit to the telluric
features was also used to correct for small (typically ~Ikms™1)
systemic velocity offsets in the data via the method described in
Parsons et al. (2017a). All spectra were then placed on a heliocentric
wavelength scale.

3.2 INT/IDS spectroscopy

SDSS J0750+4943 and SDSS J2229+1853 were both observed with
the Intermediate Dispersion Spectrograph (IDS) mounted on the
Cassegrain focus of the 2.5m Isaac Newton Telescope (INT) at La
Palma, Spain. Both objects were observed using the R300V grating
centred at 6460A and a slit width of 1"/, resulting in a dispersion of
1.9A/pixel over a wavelength range of 4000-8700A.

The data were reduced using the pameLA! and mMoLLy? pack-
ages. The spectra were first bias subtracted and flat-fielded, then
optimally extracted. The wavelength calibration was performed us-
ing CuAr+CuNe lamps exposed regularly throughout each night.
The observations of spectral standard stars were used to flux cali-
brate our spectra, but no telluric correction was applied to the IDS
spectra.

4 SPECTROSCOPIC ANALYSIS

The sample of systems analysed in this paper can be split into two
groups, those containing a magnetic white dwarf and those with a
non-magnetic white dwarf. Unless otherwise stated, the spectra of
the M dwarfs in all the systems presented in this paper (both mag-
netic and non-magnetic) were analysed identically. The normalised
averaged spectra for all of the binaries analysed in this paper are
shown in Figures 1 and 2 for the non-magnetic and magnetic systems
respectively.

4.1 Radial velocity measurements

For all but one system analysed in this paper there are no clean
features from the white dwarf to help constrain its radial velocity,
the exception being SDSS J0848+2320, which contains a DZ white
dwarf with clear calcium H/K absorption lines (this white dwarf
was originally classified as a DC white dwarf based on the SDSS
spectrum but our higher resolution data revealed that it is actually a
DZ). Therefore, in order to constrain the binary and physical param-
eters, radial velocity measurements were obtained for only the M

I pAMELA is available through the sTARLINK software package (Currie et al.

2014)
2 moLy is available from http://cygnus.astro.warwick.ac.uk/
phsaap/software/
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Figure 1. Normalised averaged spectra of the non-magnetic white dwarf plus M dwarf binaries analysed in this paper. The spectra are completely dominated
by the M dwarf components, the white dwarf is only evident from a small excess at the shortest wavelengths. Emission lines from the M dwarf are seen in all
systems indicating that these are active stars (since irradiation effects are negligible in these systems).
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Figure 2. Normalised averaged spectra of the magnetic white dwarf plus M dwarf binaries analysed in this paper. The M dwarf components are visible in
all the systems apart from IL Leo. Cyclotron emission lines are seen in all systems, although the strength of these lines varies substantially among systems.
Zeeman-split hydrogen Balmer absorption lines from the white dwarf are evident in the spectrum of IL Leo.
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dwarf components in these systems, except for SDSS J0848+2320,
where we used features from both stars.

Radial velocities were measured in each spectrum by fitting the
sodium absorption doublet from the M dwarf at ~8200A. The lines
were fitted with a combination of a straight line and two Gaussian
components. In order to improve accuracy, we fitted all spectra of
the same system simultaneously, keeping the width and depth of
the Gaussian components the same for all spectra and only allowed
the velocity of the Gaussians to vary between spectra (note that
we specifically targeted the sodium absorption doublet because it is
free from any cyclotron emission in all of the magnetic systems).
The best fitting values and their uncertainties were found using the
Levenberg-Marquardt method (Press et al. 1986) and are listed in
Table A1l. The same method was used to fit the Ca i1 absorption line
from the white dwarf in SDSS J0848+2320, although in this case
a single Gaussian component was used. These values are listed in
Table B1.

Orbital periods, radial velocity semi-amplitudes of the main-
sequence stars and systemic velocities were determined by fitting the
velocity measurements with a constant plus sine wave over a range of
periods and computing the x2 of the resulting fit. We also included
any archival velocity measurements from Rebassa-Mansergas et al.
(2016). The orbital periods for most of the systems analysed in
this paper have been previously measured, but our additional high-
precision velocity measurements greatly improve the precision of
the ephemerides as well as radial velocity semi-amplitude measure-
ments. These updated values are listed in Table 2. Radial velocity
curves are plotted in Figure 3.

4.1.1 Radial velocity measurements for IL Leo

There are no absorption features from the M dwarf in the magnetic
system IL Leo, likely due to its faintness and the strong cyclotron
lines in this system (see Figure 2). Therefore, a different method
was needed to constrain the physical and binary parameters of this
system. The only feature visible from the M dwarf in this system is
a Ha emission line, which varies in strength over the orbit, peaking
in strength at an orbital phase of 0.5, implying that it is caused
by irradiation from the white dwarf. A reliable fit to this emission
line in individual spectra is difficult due to the weakness of this
line. Therefore, we decided to simultaneously fit all the spectra of
IL Leo around the He line with a model in which the position of the
emission line changes sinusoidally according to y + Kep sin (27¢),
where vy is the systemic velocity, Kem 1s the radial velocity semi-
amplitude of the emission line and ¢ is the orbital phase. The
strength of the line also varies according to (1 —cos ¢) /2 to simulate
the behaviour of the line due to irradiation (see Parsons et al. 2017b
for a detailed description of the model). The best fit model is shown
in Figure 4 and yields a radial velocity semi-amplitude of K¢y =
384.2+4.5kms™!. However, since this line is irradiation-driven, the
emission is concentrated on the inner hemisphere of the M dwarf.
As such, the velocity of this emission line does not track the centre-
of-mass of the star and so this is only a lower limit on the true radial
velocity semi-amplitude of the star.

ILLeo is the only system to show clear Balmer absorption
lines from the white dwarf in its spectrum (see Figure 2). However,
these lines can not be used to measure the radial velocity of the
white dwarf due to a combination of the low signal-to-noise ratio of
the spectra at these wavelengths (the lines are only apparent when
all the spectra of this system are combined) as well as the fact that
the lines are affected by the magnetic field of the white dwarf. The
lines are clearly Zeeman split and, since the field strength varies
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over the surface of the white dwarf, the amount each component
is shifted will vary throughout the orbit, as different regions of the
white dwarf rotate into view, making any velocity measurements
unreliable.

4.2 Rotational broadening measurements

The rotational broadening of the M dwarf in these close binaries is
sensitive to the binary and stellar parameters and thus it can be used
to place useful constraints on the stellar masses for example (see
Section 5). Therefore, we tried to measure the rotational broadening
in all our systems. Unfortunately there are no absorption features
from the M dwarf in IL Leo so it was not possible to measure the
rotational broadening in this system. Moreover, SDSS J0750+4943
only has data from the INT/IDS. The resolution of these data is
insufficient to measure a reliable rotational broadening, so this sys-
tem also lacks a measurement. Rotational broadening measurements
were performed for all the other systems we observed.

The rotational broadening was measured by artificially broad-
ening the lines of template stars to fit the observed line profiles
of our systems, taking into account any additional smearing of the
lines from the velocity shift of the main-sequence star during an
exposure. Template M dwarf spectra were taken from Parsons et al.
(2017a). All of these template stars were observed with X-shooter
using an identical instrumental setup to the binaries presented in this
paper. Note that we applied a high-pass filter to both the observed
and broadened template spectra before comparing them in order to
prevent the continuum dominating the rotational broadening deter-
mination. We fitted just the wavelength range around the sodium
8200 A absorption doublet, since this wavelength range is free from
any cyclotron emission in all the magnetic systems. The best fit
rotational broadening measurements for our systems are listed in
Table 2. We reached a precision of better than 2.5 km s~! in all our
systems, although in the case of the longer period systems (where
the rotational broadening is much smaller) this precision still results
in a large fractional uncertainty.

5 STELLAR AND BINARY PARAMETERS

In this section we summarise the methods used to constrain the
stellar and binary parameters in both the magnetic and non-magnetic
systems. All stellar and binary parameters for our systems are given
in Table 2, along with literature values for similar systems that have
been studied previously.

5.1 M dwarf masses and radii

We estimated the masses of the M dwarfs in all our systems using
the mass-luminosity relation for late-type stars from Mann et al.
(2019). This relates the masses of M dwarfs to their absolute Kg-
band magnitudes. All of our systems have good Gaia early DR3
parallaxes (Gaia Collaboration et al. 2020) and 2MASS Kg-band
magnitudes (Skrutskie et al. 2006), with the exception of IL Leo,
which lacks a Kg-band measurement due to its faintness. Moreover,
IL Leo is the only system in which the M dwarf does not over-
whelmingly dominate the Kg-band flux. As such, even if the system
had a Kg-band measurement the mass-luminosity relation would
be difficult to use in this case since the white dwarf contribution
would need to be subtracted beforehand. Therefore, the parameters
of IL Leo were constrained using a different technique that is sum-
marised in Section 7.2.4. For all other systems the Kg-band flux
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Figure 4. Trailed spectra of the Ha emission line in the magnetic system IL Leo with time running upwards. The left-hand panel shows the VLT/Xshooter
spectra. The centre panel shows our best fit model to the irradiation-driven emission line from the M dwarf component. The right-hand panel shows the residuals

of the fit.

is completely dominated by the M dwarf. The field strengths of
the white dwarfs in all the magnetic systems we observed are at
least 60 MG (except IL Leo) and thus the cyclotron emission will
be limited to wavelengths shorter than 1.8 microns (H band).

The mass-luminosity relation from Mann et al. (2019) yields
masses with statistical uncertainties of 2-3 per cent. We used the
distance estimates to our systems from Bailer-Jones et al. (2018)
and propagated the uncertainties in both the distances and 2MASS
Kg-band magnitudes when calculating the M dwarf masses. Typical
uncertainties in the M dwarf masses are ~5 per cent. However, we
note that the Mann et al. (2019) relation is based on M dwarfs in
wide, astrometric binaries and may not be as suitable for the rapidly
rotating and Roche-distorted M dwarfs in the close systems studied
in this paper. Indeed Parsons et al. (2018) found that this relation
tended to slightly underestimate the masses of M dwarfs in close
binaries with white dwarfs possibly due to the enhanced number of
starspots expected on the tidally locked and hence rapidly rotating
M dwarfs in close binaries. Parsons et al. (2018) found that the
masses estimated from the mass-luminosity relation could be up to
5 per cent underestimated. We therefore set a lower limit of 5 per
cent on the uncertainties of the M dwarf masses in this paper to
account for this systematic uncertainty. The effects of metallicity
are expected to be negligible for values in the solar neighbourhood
(Mann et al. 2019), hence we assume solar metallicity for all our
targets.

We estimated the radii of the M dwarfs using a semi-empirical
mass-radius relationship for M dwarfs, based on a combination of
a large dataset of M dwarf radius measurements (Morrell & Naylor
2019) and the mass-luminosity relation from Mann et al. (2019).
This semi-empirical mass-radius relationship will be presented in
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more detail in a future publication (Brown et al., in prep) and leads
to more accurate radius predictions compared to theoretical mass-
radius relationships, which tend to under-predict the radii of low-
mass stars by 5-10 per cent (Lépez-Morales & Ribas 2005; Parsons
et al. 2018). Any effects from metallicity are likely to be at a level
smaller than the 5 per cent systematic error we placed on the M
dwarf masses (which are propagated to the radius estimates).

5.2 White dwarf masses

The mass of the white dwarfs in these binary systems can be con-
strained using the rotational broadening measurements (Vyot sinf)
via

R
Viot sini = Kys (1 +q)%s, (1)

where Kys is the radial velocity semi-amplitude of the M dwarf,
q = Mwp/Mys, the binary mass ratio, Ryg is the radius of the
M dwarf and a is the semi-major axis (Marsh et al. 1994). This
relation is only valid if the M dwarf is synchronously rotating,
which is expected to be the case in these extremely close binary
systems.



Table 2. Stellar and binary parameters for PCEBs containing cool white dwarfs. Systems analysed in this paper are highlighted in italic. M dwarf masses and Roche-lobe filling factors for the systems analysed in this
paper were determined assuming that the star is in thermal equilibrium, hence the uncertainties on these values are purely statistical. TO corresponds to the inferior conjunction of the main-sequence star. G is the
Gaia magnitude, which (along with the parallax measurements) are taken from early DR3. RLFF is the Roche-lobe filling factor of the M dwarf component. References: (1) Parsons et al. (2012c), (2) this paper, (3)
Zorotovic et al. (2016), (4) Parsons et al. (2013), (5) Schmidt et al. (2005a), (6) Reimers & Hagen (2000), (7) Tovmassian & Zharikov (2007), (8) Reimers et al. (1999), (9) Schwarz et al. (2001), (10) Schmidt et al.
(2007), (11) Schwope et al. (2009), (12) Schmidt et al. (2005b), (13) Burleigh et al. (2006), (14) Farihi et al. (2008), (15) Breedt et al. (2012), (16) Szkody et al. (2003), (17) Southworth et al. (2015), (18) Szkody
et al. (2008), (19) Kafka et al. (2010).
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Name G T Porb TO Kms YMS vsini  Spectral Mwms Mwp Tefr,wD B! RLFF  Reference
(mag)  (mas) (days) (HID) (ms™)  (kms)  (kms™h)  type Mo) Mo) (K) MG)
DC/Z+dM binaries:
SDSSJ0138-0016 16.43 20.36 £ 0.07 0.07276491(2) 2455867.507405(6) 346.7+2.3 84.5+1.2 - MS5.0 0.132+0.003 0.53 +£0.01 3570 = 100 - 0.91 +0.03 (1)
SDSS J0225+0054 1899 4.49+0.27 0.9210733(2) 2456407.7947(51) 81.2+2.0 -4.0+1.3 55+23 M45 0.166+0.015 0.55 +0.40 6600 + 300 - 0.20 £ 0.02 2)
SDSS J0848+2320  17.05 3.61+0.10 0.3717195(1) 2458043.67163(5) 167.0+0.5 29.5+0.5 69.5+2.5 M3.0 0.430+0.022 0.44 +0.02 7600 + 500 - 0.58 +0.02 2)
SDSSJ1140+1542 1690 3.03 +£0.11 3.11329(3) 2455807.491(19) 125.2+0.9 -48.5+0.5 7.3+1.5 M25 0475+0.024 >1.22 8900 + 900 - 0.15+0.01 2)
SDSSJ1316—0037  17.66 5.42+0.14 0.4027340(2) 2456241.50583(95) 186.5+1.1 -155+2.0 26.5+2.0 M4.0 0.202+0.010 0.64 +0.11 7300 + 200 - 0.38 +0.02 2)
SDSS J2208+0037 1893 4.45+0.34 0.10337209(1) 2457588.67776(4) 233.9+0.6 11.3+0.5 68.2+2.2 MS5.0 0.150+0.032 0.46 +0.24 6100 + 400 - 0.81+0.17 (2,3)
Magnetic WD+dM binaries:
SDSSJ0303+0054  17.36 8.30 £ 0.10 0.1344376668(1) 2453991.617307(2) 339.9+0.3 14.9+0.2 81.7+1.1 M4.5 0.181-0.205 0.825-0.853 ~9150 8 0.84 +0.03 4)
SDSS J0750+4943  16.08 4.66 +0.05 0.17300847(5) 2457065.49219(70) 154.6+3.9 28.5+4.3 - M2.5 0.460 +0.023 0.94 +0.12 15000’:11‘(‘)88 98 or 196 0.98 +0.02 2)
SDSSJ0837+3830%  18.86 0.98 +0.23 0.1325 - - - - MS5.0 0.447 +0.083 - - 65 >0.97 (5)
SDSS J0853+0720  18.02 3.74 +£0.15 0.15021618(2) 2456138.68614(20) 236.3+0.6 -33.2+0.5 62.4+2.3 M4.0 0.221 +£0.016 0.83 £0.15 9000 + 300 84 0.82 +£0.05 2)
HS 0922+1333 16.46 6.06 +£0.09 0.1683125(5) 2457859.61706(10) 129.9+2.3 22.8+2.4 58.6+2.2 M3.5 0.366+0.018 0.71 £0.07 <8500 66(81) 0.95+0.03 (2,6,7)
WX LMi 16.34 10.31 £0.05 0.1159229(13)  2451157.6439(9) - - - M4.5 0.225 +0.003 - - 60(68) >0.91 (8.,9)
ILLeo? 19.30 1.93+£0.23  0.05709(18)  2457860.61634(15) > 384.2 +4.5 -43.2+5.0 - >M6 <0.090 >0.48 <11000 42 >0.95 (2,10)
SDSSJ1059+2727  20.30 1.30+0.94 >0.125 - - - - M4.0 - - <8500 57 - (10)
SDSSJ1206+5100  18.64 3.30+0.16 0.1576726(6)  2458254.7030(5) - - - M3.5 0.208 +£0.023 - ~9000 108 or216 >0.727 (11)
SDSST1212+01362-3 17.98 6.47+0.13  0.0614081(7)  2453686.5276(1) > 355+6 - - L5 <0.080 >0.41 ~9500 7 >0.90 (12,13,14)
SDSSJ1250+15493  18.20 7.58 +0.14 0.05995(1) 2455646.7056(1) >360.9 £2.5 12.8+2.1 - M8 <0.085 >0.42 ~10000 20 >0.90 (15)
PZ Vir 20.48 1.78 + 1.64 0.11022(7) - - - - M6.0 - - - 64 - (15,16)
SDSSJ1452+2045  17.89 7.97+£0.12 0.106265437(9) 2456207.8708(1) 362.0+0.4 -39.5+0.5 82.4+1.5 MS5.0 0.150+0.008 0.83 £0.08 <6500 300 0.84+0.03 (2,3
SDSSJ1514+0744%  18.67 5.53+0.18  0.061610(1)  2455646.89093(3) > 362.8 +0.7 —28.0 + 0.8 - L3 <0.085 >0.44 ~10000 36 >0.90 (15)
MQ Dra 17.34 5.51+0.06  0.182985(5) 2454156.9138(1) - - - MS5.0 0.238 +0.008 - ~8000 60 >0.70 (16,18)
SDSS J2048+0050%  18.27 1.66 +0.16 0.175 - 110.4 +3.9 -36.8+1.5 - M3.0 0.446 +0.044 - - 62 >0.96 (5,19)
SDSSJ2229+1853 1651 3.44+0.06 0.1891844(1) 2457996.12995(3) 203.1+0.2 12.9+0.5 105.5+1.2 M3.0 0.460+0.023 0.76 £ 0.05 <8500 84 0.96 +0.03 2)

1 Parentheses denote secondary pole
2 System shows some evidence of (episodic) Roche-lobe overflow
3 Potential period bounce cataclysmic variable



With a measurement of the rotational broadening, radial veloc-
ity semi-amplitude, mass and radius of the M dwarf then Equation 1
can be used to solve for the mass of the white dwarf, since a is only
dependent upon the orbital period (P) and stellar masses,

23 = GMwp + Myis) P2

4n2
thus combining these two equations yields the white dwarf mass.
Uncertainties in all the parameters were propagated through these
equations to determine the statistical error on the white dwarf mass.
The final error on the white dwarf mass is strongly dependent on how
precisely the rotational broadening can be measured. For systems
where the M dwarf is more slowly rotating this results in substantial
uncertainty on the white dwarf mass (e.g. for SDSS J0225+0054,
which has a period of 21.7 hours).

We used the stellar masses, orbital period and M dwarf radius
to estimate the Roche-lobe filling factor (RLFF) for each of our
systems. These filling factors (listed in Table 2) are given as the
ratio of the radius of the M dwarf to its volume-averaged Roche-
lobe radius, as opposed to the linear RLFF which is given by the
distance from the centre of mass of the M dwarf to its surface in
the direction of the L1 point divided by the distance to the L1 point.
Uncertainties in the stellar and binary parameters were propagated
to determine the error on the RLFF.

, @

5.3 White dwarf temperatures

The temperature of the white dwarf is a useful measurement to
make, since it helps constrain the age of the white dwarf and thus the
system. However, this is a difficult measurement to make because
we specifically selected systems containing featureless DC white
dwarfs, since we suspected that these could be hiding magnetic
fields. This means that none of the white dwarfs in our sample
have clear white dwarf features that can be fitted to constrain their
temperature. Moreover, the vast majority of our systems lack any
ultraviolet data, preventing us from constraining the white dwarf
temperatures at shorter wavelengths. The situation is made even
harder for the magnetic systems, since the cyclotron emission dilutes
and distorts any underlying emission from the photosphere of the
white dwarf.

The white dwarfs do contribute a small but detectable amount
of optical flux in these systems. Most of these systems were orig-
inally identified through excess blue flux in their SDSS spectra
(Rebassa-Mansergas et al. 2016) and so we can use this to constrain
the white dwarf temperatures. However, the M dwarf contribution
must be accounted for if accurate white dwarf temperatures are to
be obtained.

We constructed a mass-luminosity relation for M dwarf stars
using SDSS u-band data. The advantage of using the u-band is that
there are relatively few features in the spectra of M dwarfs in this
wavelength range. This mitigates the substantial scatter seen in the
V-band luminosities of M dwarfs caused by the large metallicity
spread of field M dwarfs (Delfosse et al. 2000). The disadvantage of
using the u-band being the intrinsic faintness of low-mass stars at
these wavelengths. Fortunately the sample of M dwarfs presented by
Morrell & Naylor (2019) contains many bright, nearby stars. Cross-
matching this catalogue with SDSS gives 4564 M dwarfs with reli-
able u-band magnitudes and parallaxes. Since all of these M dwarfs
also have Kg-band magnitudes we computed their masses using the
Mann et al. (2019) mass-luminosity relation and then constructed
our own mass-luminosity relation from the u-band data, which is
shown in the left-hand panel of Figure 5. The amount of scatter
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in this relation is similar to the Kg-band mass-luminosity relation
(Mann et al. 2019), although there are relatively few measurements
for stars below 0.15 Mg in the u-band. A fifth order polynomial fit
to this relation gives

M, = (26.52+0.09) - (106.61 + 1.29)M,
+(450.63 + 6.86)M?2 — (1058.07 = 17.50) M
+(1255.07 £ 21.50)M? — (603.48 + 10.23)M> (3)

where M. is the mass of the M dwarf, valid between 0.1 Mg and
0.65Mog.

We used this relation to estimate the M dwarf contribution
to the u-band fluxes in all the non-magnetic systems. The excess
u-band flux was then determined to be from the white dwarf. Since
both the distance and white dwarf mass are already known, the only
other parameter that affects the #-band luminosity of a white dwarf
is its temperature, assuming a standard mass-radius relationship
(Fontaine et al. 2001) and a hydrogen atmosphere. The effect of
adding a white dwarf with a varying temperature is shown in the
right-hand panel of Figure 5, demonstrating that this is a particularly
useful technique for measuring the temperatures of very cool white
dwarfs in binaries with low-mass stars. In general this technique
allows us to constrain the white dwarf temperature to better than
500K, although the uncertainty rises as the M dwarf mass increases
and this approach is not ideal for systems with M dwarfs more
massive than around 0.5 M.

We tested the reliability of this method by scaling a white
dwarf model (Koester 2010) to the distance of each system with
the parameters determined from the u-band fit and comparing this
model to the X-shooter spectrum of each system. The result of this
is shown in Figure 6. For each system we plot part of the X-shooter
spectrum along with the best fit M dwarf template spectrum (in
green) and the scaled white dwarf model (in red). We also show the
M dwarf subtracted spectra with white dwarf models over-plotted.
In each case the predicted white dwarf flux matches the residual flux
after the M dwarf is subtracted, demonstrating that the white dwarf
parameters estimated from the u-band flux are reliable. Note that
due to slit losses the white dwarf models tend to over-predict the
flux at the shortest wavelengths. This imperfect calibration is why
we have not attempted to constrain the white dwarf temperatures
from the X-shooter data directly.

‘We were able to use the same approach to measure the temper-
ature of the magnetic white dwarf in SDSS J0853+0720 because the
SDSS data for this system were obtained when the magnetic pole
was not visible, although we note that the tracks in the right-hand
panel of Figure 5 are for non-magnetic white dwarfs, which may not
be appropriate for the magnetic white dwarf in SDSS J0853+0720.
The use of this method was not possible on any of the other mag-
netic systems. In these cases we used the spectra taken when the
cyclotron lines were at their weakest and subtracted off the M dwarf
component (by scaling the best fit template spectrum used in the
rotational broadening measurements). We then scaled white dwarf
model spectra (Koester 2010) to the distance of the system, keeping
the mass fixed at the measured value and using a mass-radius re-
lationship (Fontaine et al. 2001). We varied the temperature of the
white dwarf until the flux was clearly over predicted between the
cyclotron lines (see Figure 7 for example) and used this to set an up-
per limit on the white dwarf temperature. However, since the white
dwarf models we used are for non-magnetic white dwarfs and the
M dwarf components are never perfectly removed, the temperature
estimate for all the magnetic systems should be taken with some
caution.
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Figure 5. Left: The mass-luminosity relation for M dwarf stars using SDSS u-band magnitudes. The sample of M dwarfs was taken from Morrell & Naylor
(2019). Masses were determined using the Kg-band mass-luminosity relation from Mann et al. (2019). A fifth order polynomial fit is shown in red. The shaded
region marks the 16th to 84th percentile region of the measurements. Right: The change in the u-band absolute magnitude of an M dwarf when a white dwarf is
placed next to it. Solid blue lines indicate white dwarfs with different temperatures (labelled on the right) and surface gravities of log g = 8.0, while the dashed
blue lines are for white dwarfs with log g = 8.5. The black points mark the values for the non-magnetic systems. The magnetic system SDSS J0853+0720 is

indicated by the red diamond.

5.4 White dwarf magnetic field strengths

We estimate the magnetic field strengths of the white dwarfs in all
the magnetic systems using the wavelengths of the cyclotron lines.
The wavelength, A, of the cyclotron harmonic number 7 is related
to the magnetic field B via

8
A, = (10700) (&)A’ @)
n B

where B is measured in Gauss. This equation is valid for the plasma
temperatures expected for white dwarf atmospheres (Wickramas-
inghe & Ferrario 2000). In general the strongest cyclotron lines are
easy to see in the spectra, but field estimates usually require the
identification of at least two cyclotron lines in order to uniquely
determine the harmonic numbers. Since the M dwarfs typically
dominate the spectrum, they can overwhelm weaker lines causing
them to be overlooked. Therefore, we removed the M dwarf con-
tributions from all the spectra, using the best fit template spectrum
for the rotational broadening measurements. Figures 8-13 show the
resulting M dwarf subtracted spectra, plotted as trailed spectra. This
process revealed weaker lines in many systems and allowed us to
uniquely determine the field strengths via Equation 4 in most sys-
tems. Unfortunately there is only one clear cyclotron line visible
in the spectra of SDSSJ0750+4943 and SDSS J1452+2045. For
SDSS J1452+42045 the lack of any other visible cyclotron lines in
the optical allows us to determine the harmonic number of the only
visible line and hence the field strength, but for SDSS J0750+4943
there is some ambiguity in the harmonic number of the line, mean-
ing that there are two possible fields strengths for this system. Some
magnetic white dwarfs in our sample show poles with different field
strengths, indicated in Table 2.

6 CANDIDATE MAGNETIC SYSTEMS

During a search for quasars in the SDSS spectroscopic database
seven new candidate magnetic white dwarfs in detached binaries

were serendipitously discovered. The SDSS spectra of these sys-
tems are plotted in Figure 14. All of these systems show broad
emission features similar to cyclotron lines. The wavelengths of
the cyclotron harmonics, estimates of the magnetic field strengths
implied by these as well as Gaia early DR3 astrometric data are
listed in Table 3. For the two systems where only a single cyclotron
harmonic is detected we are unable to uniquely identify the har-
monic number of the cyclotron lines, although the lack of any other
cyclotron features means that these must be either the n = 1 or
n = 2 harmonics. We also analysed the Zwicky Transient Facility
(ZTF) Public Data Release 3 light curves of these systems (Masci
et al. 2019). Three systems show clear, periodic variability, likely
related to the orbital period of the systems. However, we consider
these periods preliminary. Follow up data are required in order to
confirm that these are indeed magnetic white dwarfs in detached
binaries and to establish the binary and stellar parameters, although
the faintness of these systems makes this challenging.

7 NOTES ON INDIVIDUAL SYSTEMS

In this section we outline results for the systems studied in detail by
us using X-shooter and/or IDS spectroscopy.

7.1 Non-magnetic systems
7.1.1 SDSSJ02254+0054

With a period of 21.9 hours Nebot Gémez-Morén et al. (2011),
this is one of the longest period systems observed in our sample.
The system is well detached and shows no signs of magnetism in
its spectrum, although our data only cover a limited phase range.
However, given the low temperature of the white dwarf (6600 +
300K) it is perhaps unsurprising that it appears as a DC white
dwarf in SDSS. The stellar parameters are relatively similar to the
eclipsing system SDSSJ1210+3347 (Pyrzas et al. 2012), which
hosts a DZ white dwarf showing a large number of metal absorption
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Figure 6. Average spectra (black lines) of the non-magnetic systems in our sample. For each system the best fit M dwarf template spectrum is shown in
green and a white dwarf model with the temperature determined from the relation shown in Figure 5 and scaled to the distance of the system is shown in red.
The M dwarf subtracted spectrum is plotted below each spectrum with the scaled white dwarf model over-plotted. The white dwarf models were not fitted
to the spectroscopic data, but the good agreement between the models and the data supports the reliability of the method used to determine the white dwarf

temperatures. The overestimation of the white dwarf models at the shortest wavelengths is likely due to slit losses in the X-shooter data.
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Table 3. Candidate close, detached binaries containing magnetic white dwarfs from SDSS spectroscopy. The Gaia G band magnitudes and parallaxes are taken
from early DR3. The magnetic field strengths are purely based on the measured wavelengths of the cyclotron harmonics and were derived using Equation 4, as
such they should be considered estimates. The photometric variability column lists any clear periodicity seen in the ZTF light curves of these sources.

Name G n B Cyclotron harmonics Photometric
(mag) (mas) MG) detected (A) variability
SDSS J004924.50+222617.9 18.52 1.53 +£0.25 78 6840, 4560 (n =2,3) 355 mins
SDSS J010844.12+022638.9 20.60 - 57 6450,4850 (n =3,4) 81 mins
SDSSJ011331.69-033233.5 19.33 2.67 +0.34 84 6380,4250 (n =2,3) 263 mins
SDSS J083615.53+223204.3 20.89 - 184 0r92 5830(n=1orn=2) Nodata
SDSSJ100615.27+242612.1 20.02 0.42 +0.53 82 6530,4350 (n =2,3)  Nodata
SDSSJ130147.97+434549.4 19.96 2.19+0.43 1980r99 5400 (n=1orn=2) Nodata

SDSS J223606.51+291559.9 19.67 0.60 +0.39

83 6450, 4300 (n = 2,3) Non-variable
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Figure 7. Spectrum of the magnetic system SDSS J2229+1853 taken at
minimum light (when the cyclotron lines are at their weakest) with the
M dwarf component removed. Overplotted are non-magnetic white dwarf
models with varying temperatures (8000 K, 7000 K and 6000 K) and the
same mass as measured for the white dwarf, scaled to the distance of the
system (assuming a standard mass-radius relationship, Fontaine et al. 2001).
We place an upper limit on the white dwarf temperature, above which the
continuum flux (between cyclotron lines) would be overestimated.

lines. The much longer period of SDSS J0225+0054 likely means
that the accretion rate onto the white dwarf is too low to generate
detectable metal lines. The long period of this system also means
that the rotational broadening of the M star is small (5.5+2.3 km s~ b
leading to a substantial uncertainty on the white dwarf mass.

7.1.2  SDSS J0848+2320

The SDSS spectra of this system showed substantial radial velocity
variations indicating that it was a close binary. Our X-shooter data
revealed an orbital period of 8.9 hours. No Balmer lines are seen
from the white dwarf, but clear Car absorption is seen at 3934A
moving in anti-phase with the M dwarf features, indicating this
line originates from the white dwarf. This system therefore made a
excellent target to check the reliability of using the rotational broad-
ening to constrain the mass ratio (hence white dwarf mass), since we
have an independent measurement of the mass ratio directly from
the radial velocity data. The mass ratio derived from the rotational
broadening (¢ = 0.94 +0.06) is in good agreement with the directly
measured value from the radial velocities (g = 0.97 + 0.03), which
lends confidence to the parameters derived via this technique in the
other systems.

The spectra show no clear evidence of magnetism from the
white dwarf. The sharpness of the Ca 1 absorption line also argues
against a strongly magnetic white dwarf in this system.

7.1.3 SDSSJ1140+1542

The SDSS spectra of this system showed some radial velocity vari-
ations indicating that it was a close binary. Our X-shooter data
confirmed that this is indeed the case and, when combined with
previous velocity measurements, yielded a period of 3.1 days, by
far the longest period system in our sample. As such, the system
is well detached and shows no evidence of magnetism from the
white dwarf, although our phase coverage is quite sparse. The very
small rotational broadening in this system means that it cannot place
useful constraints on the white dwarf mass. However, the minimum
white dwarf mass implied by the orbital period, radial velocity semi-
amplitude and mass of the M dwarf is 1.22 M, making this one of
the most massive white dwarfs in a detached PCEB.

7.1.4 SDSSJ1316-0037

This 9.7 hour binary (Nebot Gémez-Moran et al. 2011) shows no
obvious features from the white dwarf in its X-shooter spectrum. It
is well detached, with no clear signs of magnetism from the white
dwarf, although our phase coverage is low. We note that there is a
slight discrepancy between the M dwarf mass that we report and the
value in Nebot Gomez-Mordn et al. (2011). The mass reported in
Nebot Gémez-Mordn et al. (2011) is based on a mass-spectral type
relationship (Rebassa-Mansergas et al. 2007), which does not yield
precise masses and should only be considered an estimate. Our M
dwarf masses are based on the K band luminosities of these stars,
which yields more precise and accurate masses when compared to
independent measurements (Mann et al. 2019; Parsons et al. 2018).

7.1.5 SDSSJ22084+-0037

With a period of only 2.5 hours (Zorotovic et al. 2016) this system
sits right in the middle of the CV period gap. This system is much
closer to Roche-lobe filling than the other non-magnetic systems.
Interestingly, this system has many traits in common with the mag-
netic systems, such as a short period and high Roche-lobe filling
factor, as well as a cool white dwarf (6100 + 400 K). The only obvi-
ous difference is the low white dwarf mass 0.46+0.24 M, which is
substantially smaller than the white dwarf masses measured in the
magnetic systems. Despite the similarities with the magnetic white
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Figure 8. Phase-folded trailed spectra of SDSS J0750+4943 with the M dwarf component removed.
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Figure 14. SDSS spectra of seven candidate close, detached binaries con-
taining magnetic white dwarfs. The spectra are phase-average and have been
smoothed by a 5-pixel boxcar. All of these systems appear to show strong
cyclotron features. See Table 3 for details of these systems.

dwarf systems, there is no clear evidence of magnetism from the
white dwarf in the X-shooter data.

7.2 Magnetic systems
7.2.1 SDSSJ07504+4943

This system was initially identified as a white dwarf plus main-
sequence binary from its SDSS colours (Rebassa-Mansergas et al.
2013) and found to be a close binary with a period of 4.2 hours from
its CRTS light curve (Parsons et al. 2015). The shape of the CRTS
light curve was reminiscent of those with strongly Roche-distorted
M dwarfs, but was highly asymmetric, distinguishing it from most
other systems. Our spectroscopic observations revealed that this
system contains a magnetic white dwarf and the strong cyclotron
line at ~5450 A (which is only visible for half of the period) was the
cause of the asymmetric light curve. This demonstrates that these
detached magnetic systems can be potentially identified through
their unusual light curves. Inspection of the spectra taken when the
cyclotron emission is absent show no clear features from the white
dwarf.

We were able to measure a radial velocity semi-amplitude of
the M dwarf from our INT/IDS spectra, but not a rotational broad-
ening. However, SDSS J0750+4943 is the only system in our sample
with both a precise Gaia parallax and high quality ultraviolet fluxes
from the Galaxy Evolution Explorer (GALEX) mission (Martin et al.
2005). As such, we constrained both the surface gravity and tem-
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perature of the white dwarf by fitting its ultraviolet fluxes. We used
non-magnetic white dwarf models (Koester 2010) and assumed
a standard mass-radius relationship for carbon-oxygen core white
dwarfs (Fontaine et al. 2001) in order to scale the model spectrum.
We fitted the data using the Markov Chain Monte Carlo method
(Press et al. 2007) implemented using the python package EMCEE
(Foreman-Mackey et al. 2013). We included a prior on the parallax
based on the Gaia measurement and a prior on the reddening of
E(B-V) =0.023 £0.019 mags, based on Gaia-2MASS dust maps
(Lallement et al. 2019). The result of this fit is shown in Figure 15.

We note that it is unclear how strong any cyclotron emission
is in the ultraviolet. Because only a single cyclotron line is visible
in the IDS spectrum we can only constrain the white dwarf field
strength to be either 196 MG (the 5450 A line is the fundamental)
or 98 MG (the 5450 A line is the n = 2 harmonic). We can exclude
the possibility of the cyclotron line being a higher harmonic as
this would result in additional harmonics appearing in the IDS
spectrum, which are not seen. If the field strength is the higher
value then several cyclotron harmonics are likely to contribute to
the ultraviolet flux. On the other hand this is less likely to be an issue
if the field strength is the lower value. This source was observed
by GALEX in the NUV band for roughly 30 minutes. Inspection of
the light curve of the system (produced using the python package
GPHOTON, Million et al. 2016) over the 30 minute timespan shows not
obvious variation, which might be expected if there was a substantial
cyclotron component. However, this only covers a small fraction of
the orbit so we cannot rule out contamination by cyclotron emission.
Therefore, given this, and the fact that we modelled the white dwarf
using non-magnetic white dwarf models, the parameters of this
system should be interpreted with great caution.

7.2.2 SDSSJ08534+0720

This system was previously classified as a DC+dM binary with a
period of 3.6 hours (Nebot Gémez-Morin et al. 2011). The SDSS
spectrum showed no clear evidence that the white dwarf was mag-
netic. However, our X-shooter data revealed two cyclotron lines. A
strong line is seen at 4250 A and a weaker line is evident at 6300 A
once the M dwarf component was subtracted (see Figure 9), which
are the the n = 3 and n = 2 harmonics of an 84 MG field. Both
of these cyclotron lines become faint after phase 0.5 and so it is
likely that the SDSS spectrum was obtained around this phase and
thus missed the cyclotron lines. No clear white dwarf features are
visible in the X-shooter spectra at the phase when the cyclotron
emission is weakest. This result confirms our suspicion that mag-
netic white dwarfs could be hiding as DC white dwarfs within the
population of white dwarf plus main-sequence star systems discov-
ered in SDSS. This is further reinforced by the temperature estimate
of 9000 + 300 K for this white dwarf. At this temperature the white
dwarf should still show strong Balmer absorption lines, even against
the M dwarf. Zeeman splitting has resulted in these lines becoming
too weak to be detected against the M dwarf.

7.2.3 HS$0922+41333

Originally discovered in the Hamburg Quasar Survey (Reimers &
Hagen 2000), HS 0922+1333 was the second detached magnetic
white dwarf system discovered. It shows evidence of two poles with
different field strengths of 66 MG (visible in Figure 10 around phase
0.9 where the n = 2 harmonic at 8100 A, n = 3 harmonic at 5400 A
and n = 4 harmonic at 4050 A are all visible) and 81 MG (visible
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magnetic system SDSS J0750+4943 using non-magnetic DA white dwarf
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obtained from the fit. Priors we placed on both the parallax and reddening.

around phase 0.5 where the n = 3 harmonic at 4400 A is seen along
with a weak n = 2 component at 6600 A). The orbital period was
refined by Tovmassian & Zharikov (2007), who also found tentative
evidence of Roche-lobe overflow via a stream of material leaving
the L point. We see no such feature in our X-shooter data, although
our data cover less than half the orbit, so it is conceivable that we
missed this feature.

Our new data improve the radial velocity semi-amplitude mea-
surement for the M dwarf and, for the first time, yield a measure of
its rotational broadening. Using these measurements we find a white
dwarf mass of 0.71 £ 0.07 M, somewhat higher than the average
white dwarf mass in detached white dwarf plus main-sequence bi-
naries, but fairly typical for white dwarfs in CVs (Zorotovic et al.
2011).
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Figure 16. Average spectrum of IL Leo (black line). Multiple Zeeman split
hydrogen Balmer absorption lines from the white dwarf are seen. The wave-
lengths of the Zeeman split components (Friedrich et al. 1996) are shown
in grey as a function of the magnetic field strength. The field strength of the
white dwarf measured from the cyclotron emission is 42MG. The n = 5
(5160 A) and n = 6 (4300 A) cyclotron harmonics are visible in this plot,
although they are heavily distorted by the absorption lines.

7.2.4 ILLeo

Also known as SDSS J1031+2028, this system was originally dis-
covered from its unusual SDSS spectrum after being targeted as
a quasar candidate (Schmidt et al. 2007). IL Leo is unique among
our sample as the only system where the main-sequence component
does not dominate the optical flux. In fact, the faint He emission
line shown in Figure 4 is the only features visible in the X-shooter
data from the main-sequence star. Furthermore, IL Leo is the only
magnetic system in our sample that clearly shows Zeeman split
Balmer absorption lines (see Figure 16). The X-shooter data show
strong cyclotron emission from a 42 MG magnetic field. The n = 3
harmonic at 8600 A, the n = 4 harmonic at 6450 A, n = 5 harmonic
at 5160 A and n = 6 harmonic at 4300 A are all visible (best seen in
Figure 11). The wavelengths of the Zeeman split Balmer absorption
lines appear consistent with this field strength, but the high field
strength implies that many Zeeman components will be smeared
out by the variation of field strength across the white dwarf surface
(factor of ~2 for a dipole configuration). It is therefore difficult to
measure the field strength directly from the absorption lines, thus we
adopt the field strength as measured from the cyclotron emission.

The lack of a direct radial velocity semi-amplitude for the main-
sequence star (the He emission only places a lower limit on this)
and no rotational broadening measurement makes it difficult to place
any meaningful constraints on the stellar parameters. However, the
short period of the system, just 82 minutes, does offer some limits
on the system parameters.

Assuming that the main-sequence star follows the same mass-
radius relationship from Section 5.1 then it must be less massive than
0.09 Mg, in order to fit within its Roche-lobe at this orbital period,
placing the star close to the brown dwarf regime. Moreover, the
Roche-lobe filling factor must be >0.95. Smaller filling factors than
this result in star that is substantially undersized for its mass. This
is true for any mass above ~0.07 M, below this mass the radius is
sensitive to the age of the system and in principle a very old (>5 Gyr)
brown dwarf could have a smaller filling factor than this. However,
we consider the possibility of such a low mass companion unlikely,
since the strength of the cyclotron lines imply that the white dwarf
is capturing a substantial amount of wind material. Brown dwarfs
are not expected to produce strong winds and so it is unlikely that
a brown dwarf, well within its Roche-lobe, could generate enough
wind material to produce the strong cyclotron features seen from
the white dwarf.

The Ha emission line from the companion seen in the X-
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shooter data of IL Leo (Figure 4) may be driven by irradiation from
some accretion source in the system, since the temperature of the
white dwarf is too low to generate such a strong emission line (see for
example the white dwarf plus brown dwarf binary WD 1032+011,
which has a slightly longer period but contains a similar temperature
white dwarf to IL Leo, but shows no evidence of any emission lines
from the brown dwarf Casewell et al. 2020). This may be evidence of
Roche-lobe overflow in IL Leo, although there is no clear emission
from an accretion stream in the X-shooter data.

Finally, for a given set of stellar masses and a Roche-lobe
filling factor, the radial velocity of the He emission line can be
corrected to the centre-of-mass of the main-sequence star following
the technique outlined in Parsons et al. (2012a). This places a lower
limit on the mass of the white dwarf, below which the measured
radial velocity would imply an unfeasible inclination regardless
of the companion mass (more specifically, the system should be
eclipsing, which IL Leo is not). Unfortunately the limit on the white
dwarf mass is only >0.48 M, which is not very informative.

7.2.5 SDSSJI145242045

The period of this system was measured by Zorotovic et al. (2016)
to be 2.6 hours, placing it right in the middle of the period gap. The
SDSS spectrum of this system shows no evidence of magnetism
and the system was classified as a DC+dM binary. However, our
X-shooter data revealed a strong double-peaked cyclotron line at
around 3600 A, which is outside of the SDSS spectral range, hence
the reason that the magnetic nature of the white dwarf was pre-
viously missed. Remarkably, no other cyclotron lines are visible
implying that the line at 3600 A is the fundamental from a 300 MG
field (if this line was a higher harmonic then additional cyclotron
lines should be visible in the X-shooter data). This is comfortably
the highest field strength among our sample and is higher than any
known white dwarf in a CV (Ferrario et al. 2015), although there are
anumber of single magnetic white dwarfs with larger field strengths
than this. No clear white dwarf features are visible in the spectra at
any orbital phase.

This system, along with the 8MG eclipsing system
SDSS J0303+0054, demonstrates a key limitation of identifying
magnetic systems from cyclotron emission at optical wavelengths.
Only a limited range of field strengths will create strong cy-
clotron emission at optical wavelengths. Very high fields (e.g.
SDSS J1452+2045) will show cyclotron emission in the ultravi-
olet, while very low field strengths (e.g. SDSS J0303+0054) will
only show cyclotron emission at infrared wavelengths.

With a mass of 0.83 + 0.08 Mg the white dwarf in
SDSS J1452+42045 is more massive than those typically found in
detached binaries with main-sequence stars (Zorotovic et al. 2011).
However, assuming that the main-sequence star follows the same
mass-radius relationship from Section 5.1 then the system is quite
well detached (filling factor of 0.84).

7.2.6 SDSSJ2229+1853

Like SDSS J0750+4943 this system was found to be a close binary
with an unusual asymmetric light curve (Parsons et al. 2015). Our
follow-up data confirm the magnetic nature of the white dwarf via
the identification of very strong cyclotron lines. The n = 2 harmonic
at 6400 A, n = 3 harmonic at 4250 A and n = 4 harmonic at 3200 A
from an 84 MG field are visible in Figure 13), although the field
is clearly complex as the n = 2 harmonic weakens as n = 4 har-
monic strengthens. Higher phase resolution or spectropolarimetric
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observations are required to better understand the structure of the
magnetic field of the white dwarf in this system. With a period of
4.5 hours SDSS J2229+1853 has the longest period of all known de-
tached magnetic white dwarf binaries and appears to be extremely
close to Roche-lobe filling. No clear white dwarf features are visible
in the X-shooter spectra at any orbital phase.

8 DISCUSSION

8.1 The search for low field detached magnetic white dwarf
binaries

Our target selection was driven by the discovery of the low field
magnetic white dwarf in SDSS J0303+0054 (Parsons et al. 2013).
The spectrum of the white dwarf in this binary lacks any hydrogen
Balmer absorption lines, despite its temperature being high enough
to produce lines that should be visible in the SDSS spectrum for ex-
ample. Detailed analysis showed that the lack of absorption lines is
the result of a combination of Zeeman splitting (which weakens the
lines) and an additional (Zeeman split) emission component origi-
nating from the white dwarf, which fills the absorption lines. Given
that emission lines are often seen from cool white dwarfs accreting
from the wind of companion stars (e.g. Tappert et al. 2011; Parsons
etal. 2012c,2017a; Longstaff et al. 2019) we hypothesised that there
could be other magnetic white dwarfs hiding among the sample of
white dwarf plus main-sequence star binaries classified as DC+dM
systems. Importantly, these systems would have weaker magnetic
fields than those seen in previously discovered detached magnetic
white dwarf binaries since the SDSS spectra of DC+dM binaries
show no evidence of cyclotron emission. Like SDSS J0303+0054,
this emission would instead occur at infrared wavelengths.

Our high-quality X-shooter spectra of DC+dM binaries did re-
veal two previously unknown magnetic systems (SDSS J0853+0720
and SDSS J1452+2045), but the magnetic nature of the white dwarf
in both of these binaries was revealed via cyclotron emission (which
is not seen in the SDSS spectra of these sources), rather than Zee-
man split emission from the white dwarf. In fact, SDSS J0303+0054
remains the only detached magnetic white dwarf binary to show
Zeeman split emission. None of the other DC+dM binaries show
any emission lines from the white dwarf (either Zeeman split or
not), leading us to conclude that they are unlikely to possess even
weak magnetic fields. The Balmer absorption lines from these white
dwarfs are weak due to their low temperatures and are therefore un-
detectable next to their brighter main-sequence companions.

It is likely that the higher magnetic field strengths
of white dwarfs in detected magnetic systems compared
to SDSSJ0303+0054 (10s of MG, compared to 8MG for
SDSS J0303+0054) means that any hydrogen emission from the
white dwarfs in these binaries is so strongly Zeeman split that it
is undetectable. Hence the reason that the magnetic white dwarf in
SDSS J0303+0054 is the only one to currently show Zeeman split
emission lines. The low magnetic field strength of the white dwarf
in SDSS J0303+0054 remains an outlier.

8.2 General properties of detached magnetic white dwarf
binaries

The detached magnetic white dwarf systems share a number of com-
mon properties. In general they contain cool white dwarfs, with tem-
peratures lower than the majority of detached non-magnetic white
dwarfs and cooler than the white dwarfs in polars (Schwope et al.



18  S. G. Parsons et al.

1.0 ——
0.8 R #‘_ 3
S
5 I IR
£ T Jup +
206 - ' limgp -
= :
S t )
;0.4 | | : 4
= + + )
3]
8 .
-4 { 1 1
0.2 L | +
- ! 4 D e
Magnetic
D/C+§1M
0.0 DA+dM
0.001 0.01 0.1 1 10

White dwarf cooling age [Gyr]

Figure 17. Roche-lobe filling factors for detached white dwarf plus main-
sequence binaries as a function of the white dwarf cooling age. Arrows
denote lower limits. DA+dM systems taken from Rebassa-Mansergas et al.
(2016). Cooling ages were determined using the cooling sequence from
Fontaine et al. (2001). On average magnetic systems have larger filling
factors and longer cooling ages than non-magnetic systems.

2009). Additionally, these detached magnetic white dwarf systems
are all very close to Roche-lobe filling (see Figure 17). However,
given that the magnetic nature of the white dwarfs in virtually all
of these systems was uncovered via the identification of cyclotron
emission, these may be selection effects. Wind accretion will be
largest in those systems closest to Roche-lobe overflow, leading to
stronger cyclotron lines. Moreover, the cyclotron lines are easier to
see when the white dwarfs are cooler, since the cyclotron emission
dominates over the photosphere. On the other hand, Zeeman split-
ting of the hydrogen Balmer lines would be easier to see in hotter
white dwarfs and would also not depend upon having any wind
accretion from the main-sequence star. Therefore, the lack of any
magnetic white dwarfs hotter than ~10000 K among the thousands
of white dwarf plus main-sequence star systems spectroscopically
observed by SDSS (Rebassa-Mansergas et al. 2016) strongly im-
plies that these systems are extremely rare or perhaps do not exist
at all. Interestingly, of the 10 systems originally listed in Rebassa-
Mansergas et al. (2016) as DC+dM binaries that have been observed
in detail with X-shooter, 4 are magnetic, implying that magnetic sys-
tems appear to be much more common among cooler, hence older,
white dwarf systems. This is similar to the suggestion of an increase
in the incidence of magnetism among cooler single white dwarfs
(Liebert et al. 2003; Kawka & Vennes 2014; Hollands et al. 2015)

8.3 Accretion rates

We estimated the accretion rate of material onto the white dwarfs
in the magnetic systems following the approach of Schwope et al.
(2009) whereby the cyclotron luminosity is equated to the accre-
tion luminosity. We use the Gaia distance estimates and measure the
peak integrated flux of the cyclotron lines in our M dwarf subtracted
spectra (using the spectra taken when the cyclotron lines are at their
strongest). We removed any contribution from the white dwarf’s
photosphere by subtracting off a model white dwarf spectrum (non-
magnetic, hydrogen atmosphere, Koester 2010) with a temperature
set to our upper limits and scaled to the distance of the system. In
most cases subtracting off this contribution has a negligible effect
on the accretion rate estimates. Since our data cover such a wide
wavelength range (with the exception of SDSS J0750+4943) it is
likely that we have included most of the cyclotron flux. However, it
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Figure 18. The measured accretion rates for a sample of nearby cataclysmic
variables (non-magnetic in black, magnetic in green), detached magnetic
white dwarf binaries (red) and detached non-magnetic white dwarf binaries
(blue).

is possible that there is significant flux in cyclotron lines outside of
our wavelength range in some cases. Moreover, cyclotron emission
is generally anisotropic and beamed adding further uncertainty to
our accretion rate measurements. In addition, a fraction of the ac-
cretion luminosity may be emitted at X-ray wavelengths (e.g. Vogel
et al. 2007). Hence the accretion rates should be interpreted as only
approximate.

The estimated accretion rates are given in Table 4. Figure 18
shows these accretion rates relative to those measured for CVs
within 150 pc (Pala et al. 2020) as well as detached binaries with
non-magnetic white dwarfs (Debes 2006; Tappert et al. 2011; Pyrzas
et al. 2012; Parsons et al. 2012b; Drake et al. 2014). The accretion
rates of these detached magnetic white dwarf binaries are clearly
below those seen in CVs, but are substantially higher than the accre-
tion rates seen in pre-cataclysmic binaries with non-magnetic white
dwarfs.

The higher accretion rates seen in detached magnetic white
dwarf binaries compared to non-magnetic white dwarf binaries with
similar orbital periods implies that the magnetic white dwarfs are
able to capture a significantly larger fraction of the wind material
from their companion. This supports the idea that angular momen-
tum loss via magnetic braking may be reduced in binaries containing
a strongly magnetic white dwarf because the wind material from
the companion is trapped within the magnetosphere of the white
dwarf and hence is unable to carry away as much angular momen-
tum (Li et al. 1994; Webbink & Wickramasinghe 2002). Population
synthesis calculations have recently shown that reduced magnetic
braking is required to reproduce the observed orbital period dis-
tribution, space density and mass transfer rates of magnetic CVs
(Belloni et al. 2020).

8.4 Evolutionary status

The evolutionary status of detached binaries containing magnetic
white dwarfs has been addressed by many authors (e.g. Schwope
et al. 2009; Breedt et al. 2012), but a general consensus has yet
to be reached. The largest question remains whether these systems
are CVs that are in extreme low states or have detached all to-
gether (low accretion rate polars, LARPs), or if they are pre-CVs,
where the main-sequence star is yet to fill its Roche-lobe (pre-
polars, PREPs). Several systems appear to show signs of episodic
Roche-lobe overflow. For example, Tovmassian & Zharikov (2007)
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Table 4. Estimated accretion rates in detached magnetic white dwarf bina-
ries. It is likely that our data do not capture the full cyclotron luminosity and
therefore these accretion rates are only approximate.

Name M Reference
(1073 Mo/yr)
SDSS J0750+4943 6.0 This paper
SDSS J0837+3830 2.0 Schmidt et al. (2005a)
SDSS J0853+0720 0.8 This paper
HS 0922+1333 3.7 This paper
WX LMi 1.5 Vogel et al. (2007)
ILLeo 3.8 This paper
SDSSJ1059+2727  0.6-5.0 Schmidt et al. (2007)
SDSS J1206+5100 0.1 Schwope et al. (2009)
SDSS J1452+2045 1.3 This paper
MQ Dra 0.6 Schmidt et al. (2005a)
SDSS J2048+0050 0.5 Schmidt et al. (2005a)
SDSS J2229+1853 6.5 This paper
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Figure 19. CRTS light curve of the magnetic system SDSS JO837+3830
showing a period of increased brightness likely as a result of accretion via
Roche-lobe overflow.

saw evidence of a high velocity He component in HS 0922+1333,
which they interpret as an accretion stream, although no such fea-
ture is evident in our X-shooter data. A similar feature was found
in SDSS J2048+0050 by Kafka et al. (2010), which was not seen
in previous data (Schmidt et al. 2005a). Inspection of the long term
CRTS light curves of these systems also reveals a clear brightening
event in SDSS J0837+3830 (see Figure 19), where it is likely that
the accretion rate increased dramatically for around a year, likely
as a result of Roche-lobe overflow, before returning to its original
brightness. It therefore appears more likely that these systems are
CVs that have temporarily detached. This is also supported by our
white dwarf mass estimates. For the 6 detached magnetic systems
with reliable mass estimates we obtain an average white dwarf mass
of (Mwp) = 0.82+0.07 M, which is higher than the average mass
of white dwarfs in pre-CVs (0.67 £0.21 M, Zorotovic et al. 2011),
but is consistent with both non-magnetic CV white dwarf masses
(0.83 + 0.23 Mg, Zorotovic et al. 2011; Schreiber et al. 2016) and
magnetic CV white dwarf masses (0.77 + 0.02Mg, Shaw et al.
2020, 0.84 +£0.17 M de Martino et al. 2020). Although it is worth
noting that in general isolated magnetic white dwarfs appear to have
higher masses than their non-magnetic counterparts (Ferrario et al.
2015; McCleery et al. 2020)

On the other hand, our measured Roche-lobe filling factors are
as low as 0.84, which would place the main-sequence star quite
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far from Roche-lobe filling. Indeed, it will take almost 1 Gyr for
SDSS J0303+0054 to come into contact (Parsons et al. 2013), which
would argue more towards a pre-CV classification for this system.
However, the donor stars in CVs are pushed out of thermal equi-
librium and thus have radii larger than isolated stars of the same
mass. Therefore, if the system becomes detached long enough for
the donor to relax back to thermal equilibrium then it can substan-
tially underfill the Roche-lobe (this is thought to be the cause of the
orbital period gap for example). Figure 20 shows what the expected
Roche-lobe filling factors that CVs would drop to if the donor star
was allowed to relax down to an equilibrium radius (black line),
using the standard evolutionary track from Knigge et al. (2011) and
an equilibrium radius given by the mass-radius relation from Sec-
tion 5.1. Hence any system on or above this line could, in principle,
have been Roche-lobe filling in the past and the donor has now re-
laxed. All of the magnetic systems with reliable Roche-lobe filling
factors are on or above this line, hence there are no systems were we
can rule out a previous phase of mass transfer via Roche-lobe over-
flow. Also note that the radii of the main-sequence stars in all these
systems were determined from the semi-empirical mass-radius re-
lationship and hence we have assumed that the main-sequence stars
in these systems are in thermal equilibrium. If this is not the case
then our Roche-lobe filling factors will be underestimated, hence
the points in Figure 20 are likely lower limits, rather than exact val-
ues (the exception being the eclipsing system SDSS J0303+0054,
which has a direct radius measurement).

Although we cannot rule out the possibility that these systems
are in fact pre-CVs, all the evidence supports the interpretation
that these are CVs that are in extreme low states or completely
detached. This would imply that we are yet to identify any magnetic
white dwarfs in pre-CVs, hence the origin of magnetic CVs remains
unclear.

It is worth noting that the population of detached magnetic
white dwarfs is still very biased. The vast majority of these systems
were identified from cyclotron lines in their optical spectra, which
are stronger in systems closer to Roche-lobe filling for example.
Cyclotron emission is also easier to detect when the photosphere of
the white dwarf is cool and hence faint, biasing us towards systems
with cooler white dwarfs. On the other hand, Zeeman splitting of the
hydrogen Balmer lines is easier to identify in hotter white dwarfs and
is independent of the accretion rate of wind material onto the white
dwarf (hence independent of Roche-lobe filling factor). Since these
should be straightforward to identify, the complete lack of young,
well detached strongly magnetic white dwarf binaries appears to be
real.

Finally, we note that IL Leo stands out from the other mag-
netic white dwarf binaries analysed in this paper because of its
short orbital period and low companion mass. However, IL Leo
does share a number of similar properties to three other systems:
SDSSJ1212+0136 (Burleigh et al. 2006), SDSS J1250+1549 and
SDSS J1514+40744 (Breedt et al. 2012). All of these systems contain
magnetic white dwarfs and very low mass (or potentially sub-stellar)
companions in binaries with periods very close to (but slightly
above) the CV period minimum. The evolutionary status of these
short period magnetic white dwarf binaries remains unclear (Breedt
et al. 2012). Like the longer period systems they may be pre-CV
systems yet to come into contact or temporarily detached CVs,
but there is also the possibility that these very short period mag-
netic white dwarf binaries are genuine CVs in which the donor star
has become a brown dwarf and are now evolving towards longer
periods, so-called "period-bounce" CVs. One example of a defi-
nite polar with a very low mass companion that entered such an
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Figure 20. Roche-lobe filling factors for detached white dwarf plus main-
sequence binaries as a function of their orbital periods. The black lines
correspond to the filling factor that a previously Roche-lobe filling system
would have if the donor relaxed to its equilibrium radius. Therefore, any
systems above these lines could be detached cataclysmic variables.

extended low state is EF Eri (Py, = 81 min), which was an X-ray
bright CV (Charles & Mason 1979) until it switched off around 1997
(Beuermann et al. 2000) and has not been active since then. The
accretion rates in period-bounce systems are low enough that they
could appear similar to detached systems. There is some evidence
from X-ray observations that SDSS J1212+0136 may be Roche-lobe
filling (Stelzer et al. 2017), which lends support to this interpreta-
tion. Therefore, these systems may form a distinct population from
the longer period detached magnetic white dwarf binaries that have
been the focus of this paper. However, IL Leo also differs from these
systems in a number of ways. Its optical spectrum is dominated by
strong cyclotron emission, unlike the other very short period sys-
tems, in which the photosphere of the white dwarf dominates. The
white dwarf in IL Leo also has a stronger magnetic field and the
orbital period of IL Leo is around 5 minutes shorter than these other
systems. IL Leo may represent a slightly earlier phase in the evolu-
tion of these systems where the accretion rate is higher, generating
stronger cyclotron emission. As the binary evolves towards longer
periods the accretion rate will drop and in the future IL Leo may
well resemble these other very short period magnetic white dwarf
binaries.

8.5 Identifying detached magnetic white dwarf binaries

The small number of currently known magnetic white dwarfs in
detached binaries limits the conclusions that we can draw from
the population. Moreover, only one eclipsing system is currently
known (Parsons et al. 2013). The discovery of new eclipsing sys-
tems would be particularly useful for distinguishing between the
pre-CV and detached CV scenarios, since eclipsing systems allow a
direct measurement of the radius of the main-sequence star (hence
Roche-lobe filling factor) and can place tight constraints on the
white dwarf mass, even though these systems are single lined. How-
ever, virtually all magnetic white dwarfs in detached binaries have
so far been discovered serendipitously from their unusual optical
spectra. As such, the sample is mostly limited to systems observed
spectroscopically by SDSS.

Despite their rather unusual spectra, featuring strong cyclotron
emission, detached magnetic white dwarf systems are not easily
identifiable from their colours or position in the Hertzsprung-
Russell Diagram. Figure 21 shows the location of these binaries
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Figure 21. Gaia Hertzsprung-Russell Diagram showing the location of
detached magnetic (blue diamonds) and non-magnetic (red circles) white
dwarf plus main-sequence binaries. A random sample of sources within
500 pc of the Sun are shown in the background.

in the Hertzsprung-Russell Diagram relative to non-magnetic white
dwarf plus main-sequence binaries. Unfortunately the magnetic sys-
tems are indistinguishable from the non-magnetic population, with
both types of systems found between the white dwarf cooling track
and the main-sequence track.

Two systems in this study have demonstrated a useful
method for identifying these systems via their light curves.
SDSSJ0750+4943 and SDSSJ2229+1853 were both originally
flagged as potential magnetic systems from their unusual asym-
metric CRTS light curves (see Figure 22 and Parsons et al. 2015).
The double-peaked shape of the phase-folded light curve is rem-
iniscent of ellipsoidal modulation, caused by the Roche-distorted
main-sequence star presenting a different surface area throughout
the orbit. However, in both cases one peak is substantially stronger
than the other and the peaks have been shifted from the quadra-
ture phases. This distortion of the light curve is due to the magnetic
pole(s) of the synchronously rotating white dwarf moving into view,
adding cyclotron emission to the light curve. This likely requires
the system to be viewed from a relatively high inclination, in or-
der for the magnetic pole(s) to disappear from view and generate
the largest variations. Large scale multi-epoch photometric surveys
such as ZTF and the Legacy Survey of Space and Time (LSST) are
likely to identify many objects with similar looking light curves,
offering us a chance to identify larger number of these types of
systems without the need for prior spectroscopic observations. Four
ZTF light curves of detached magnetic binaries (both confirmed
and candidate systems) are also shown in Figure 22 along with two
CRTS light curves demonstrating that these asymmetric light curves
appear to be a common feature of these systems.

9 CONCLUSIONS

We have identified four new and seven candidate magnetic white
dwarfs in detached binaries with main-sequence star companions.
Using phase-resolved medium resolution spectroscopy we have
analysed these four new systems in detail, along with two previ-
ously known magnetic white dwarf binaries and five non-magnetic
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Figure 22. Phase-folded light curves of six detached magnetic white dwarf
binaries displaying asymmetric light curves. Data for SDSS J0750+4943 and
SDSS J2229+1853 are CRTS V band data, all other light curves are ZTF r
band data. The asymmetric light curve shapes are a result of the magnetic
pole(s) of the white dwarf rotating into view, on top of variations from the
Roche-distorted main-sequence star.

DC white dwarf plus main-sequence star binaries. For each system
we have constrained the stellar and binary parameters including, for
the first time, the masses of the magnetic white dwarfs. We found
that these magnetic white dwarfs are systematically more massive
than non-magnetic white dwarfs in pre-cataclysmic binaries, but are
consistent with the measured masses of white dwarfs in cataclysmic
variables. We also found that, while some systems could be quite
far from Roche-lobe filling, it is possible that all of these systems
were Roche-lobe filling in the past, but the main-sequence stars
are now closer to thermal equilibrium, although we cannot conclu-
sively rule out the possibility that these systems are pre-cataclysmic
binaries. Even if these systems are pre-cataclysmic binaries, they
all have cooling ages of around a Gyr or more. Young detached
magnetic white dwarf binaries remain elusive. Finally, we note that
several of our newly identified magnetic white dwarf binaries have
archival spectroscopy that show no clear evidence of magnetism,
thus demonstrating that these systems can be missed when using
spectroscopic data alone. We demonstrate that these magnetic white
dwarf systems may be identifiable from their unusual light curves.

MNRAS 000, 1-22 (2021)
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Table Al. M dwarf velocity measurements presented in this paper Table A1l — continued
HID(mid-exposure) RV (kms~!)  Err (kms™') HID(mid-exposure) RV (kms™')  Err (kms™!)
SDSS J022503.02+005456.2: 2458227.5202809 -58.6 0.5
2457996.8026337 71.2 32 2458227.5244036 -67.7 0.5
2457996.8073199 70.6 4.2 2458227.5285246 -71.5 0.5
2457996.8120076 71.5 3.8 2458227.5326328 -88.5 0.6
2457996.8166954 70.3 4.0 2458227.5367557 -93.0 0.5
2457996.8213834 75.7 6.1 2458227.5408717 -100.8 0.5
2457996.8260709 72.1 33 2458227.5450031 -108.2 0.5
2457996.8307592 71.2 3.3 SDSS J085336.03+072033.5:
2457996.8354470 69.7 2.6 2457860.4815001 125.7 0.9
2458012.7879503 -14.0 2.7 2457860.4856083 153.1 0.9
2458012.7926343 -20.7 2.0 2457860.4897230 173.5 1.0
2458012.7973319 -23.7 1.8 2457860.4938327 190.4 1.0
2458012.8020175 -26.3 29 2457860.4979331 199.5 1.0
2458012.8067054 -23.6 22 2457860.5020421 204.5 0.9
2458012.8113943 -29.7 2.0 2457860.5061580 198.0 0.9
2458012.8160809 -28.1 2.7 2457860.5102652 184.4 1.0
2458012.8207624 -344 22 2457860.5143863 168.7 0.9
SDSS J075015.11+494333.2: 2457860.5208586 131.6 0.9
2457065.3639952 195.2 6.6 2457860.5249769 99.5 0.9
2457065.3746437 187.9 10.6 2457860.5290831 65.7 0.9
2457065.3852192 119.4 7.0 2457860.5331914 24.6 0.9
2457065.3957878 84.5 5.1 2457860.5373009 -14.2 0.9
2457065.4066982 18.2 4.9 2457860.5414082 -56.5 1.0
2457065.4172678 -38.4 49 2457860.5455213 -97.3 1.0
2457065.4292545 -80.9 44 2457860.5496251 -135.5 1.0
2457065.4417256 -125.1 4.0 2457860.5537334 -169.8 0.9
2457065.4522908 -124.3 4.0 HS 0922+1333:
2457065.4638623 -95.5 3.8 2457859.5338685 18.9 0.5
2457065.4749185 -69.6 35 2457859.5379599 -1.9 0.5
2457065.4870584 43 4.0 2457859.5420732 -19.6 0.5
2457065.4977579 54.3 4.0 2457859.5461804 -38.1 0.5
SDSS J084841.17+232051.7: 2457859.5503025 -56.3 0.5
2457859.4829554 35.7 0.5 2457859.5544109 -71.4 0.5
2457859.4870521 23.4 0.5 2457859.5585068 -85.1 0.5
2457859.4911656 11.7 0.5 2457859.5626153 -94.7 0.5
2457859.4952740 -0.4 0.5 2457859.5667225 -102.8 0.5
2457859.4994626 -11.8 0.5 2457859.5733788 -105.7 0.5
2457859.5035729 -23.5 0.5 2457859.5774744 -106.1 0.5
2457859.5076811 -35.0 0.5 2457859.5815834 -102.2 0.5
2457859.5119777 472 0.5 2457859.5856908 -95.5 0.5
2457859.5160924 -56.3 0.5 2457859.5898001 -86.2 0.5
2457859.5202022 -65.2 0.5 2457859.5939076 -75.6 0.5
2457859.5243221 -73.6 0.5 2457859.5980182 -62.4 0.5
2458224.5455325 -59.2 0.6 2457859.6021255 -46.4 0.5
2458224.5496477 -68.4 0.6 2457859.6062442 -29.7 0.5
2458224.5537677 =777 0.6 SDSS J114030.06+154231.5:
2458224.5578703 -85.7 0.7 2457859.6166398 53.9 0.5
2458224.5619978 -95.0 0.6 2457859.6207427 53.7 0.5
2458224.5661160 -102.1 0.6 2457859.6248572 54.5 0.5
2458224.5702439 -109.3 0.6 2457859.6289670 55.0 0.5
2458224.5743663 -116.5 0.6 2457859.6330879 55.1 0.5
2458224.5784726 -120.0 0.7 2457859.6371966 55.1 0.5
2458226.5350704 -30.9 0.6 2457859.6413074 55.5 0.5
2458226.5392074 -19.0 0.6 2457859.6456340 55.9 0.5
2458226.5433374 -10.2 0.6 2457859.6497401 56.0 0.5
2458226.5474558 2.1 0.6 2457859.6562043 58.7 0.5
2458226.5515812 12.1 0.7 2457859.6603112 60.0 0.5
2458226.5556985 235 0.7 2457859.6644279 594 0.5
2458226.5598027 32.1 0.8 2457859.6685353 58.9 0.5
2458226.5639267 44.7 0.7 2457859.6726448 60.0 0.5
2458226.5680457 56.4 0.9 2457859.6767523 60.5 0.5
2458227.5120304 -39.8 0.5 2457859.6808483 61.5 0.5
2458227.5161571 -48.8 0.5 2457859.6849592 61.6 0.5
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Table A1 - continued

HID(mid-exposure) RV (kms™')  Err (kms™!)
2457859.6890666 63.7 0.5
2457860.6527829 -34.0 0.5
2457860.6568901 -344 0.5
2457860.6610006 -36.1 0.5
2457860.6651079 -38.0 0.5
2457860.6692269 -38.6 0.5
2457860.6733380 -40.4 0.5
2457860.6774386 -42.4 0.5
2457860.6815422 -42.7 0.5
2457860.6856520 -44.3 0.5
2458254.5282508 -49.6 0.5
2458254.5323637 -49.1 0.5
2458254.5364850 -49.0 0.5
2458254.5405903 -48.0 0.5
2458254.5447134 -47.2 0.5
2458254.5488322 -45.9 0.5
2458254.5529627 -45.2 0.5
2458254.5570851 -45.0 0.5
2458254.5611942 -43.1 0.5
SDSS J131632.04-003758.0:
2457859.6997413 9.7 0.6
2457859.7038488 20.8 0.6
2457859.7079576 329 0.6
2457859.7120561 45.5 0.6
2457859.7161644 56.3 0.6
2457859.7202732 66.9 0.5
2457859.7243900 76.8 0.6
2457859.7285012 86.4 0.6
2457859.7326015 97.0 0.6
SDSS J145238.12+204511.9:
2457859.7397896 -398.8 1.2
2457859.7438907 -396.9 1.2
2457859.7480076 -365.3 1.3
2457859.7521164 -319.5 1.2
2457859.7562253 -254.9 1.3
2457859.7603342 -179.0 1.2
2457859.7644433 -93.6 1.3
2457859.7685519 -8.9 1.3
2457859.7726606 77.4 1.2
2457859.7790416 197.4 1.1
2457859.7831448 257.7 1.2
2457859.7872438 298.6 1.2
2457859.7913531 319.6 1.2
2457859.7954723 322.0 1.2
2457859.7995928 298.8 1.1
2457859.8037007 259.7 1.2
2457859.8078105 200.8 1.2
2457859.8119183 131.8 1.3
SDSS J220848.32+003704.6:
2457995.5544827 72.3 2.5
2457995.5591719 131.3 2.5
2457995.5638697 185.2 2.1
2457995.5685470 220.8 2.0
2457995.5732435 251.9 2.7
2457995.5779321 243.1 1.9
2457995.5826196 225.5 2.0
2457995.5873061 194.5 2.6
2458000.6254337 142.5 33
2458000.6301217 205.8 33
2458000.6348104 232.0 2.9
2458000.6394954 240.4 2.4
2458000.6488727 219.7 2.2
2458000.6441842 248.8 2.3

Table A1 - continued

HID(mid-exposure) RV (kms™')  Err (kms™!)
2458000.6535578 188.9 2.1
2458000.6582466 137.7 2.1
SDSS J222918.95+185340.2:
2457995.6374760 136.8 0.8
2457995.6415812 116.6 0.9
2457995.6456889 88.4 1.1
2457995.6498000 58.9 0.9
2457995.6539078 31.1 0.9
2457995.6580156 1.8 1.0
2457995.6621389 -28.0 0.9
2457995.6662474 -55.3 0.9
2457995.6703563 -80.2 0.9
2457995.6771421 -116.8 0.8
2457995.6812423 -136.9 0.8
2457995.6853550 -154.9 0.8
2457995.6894628 -166.9 0.8
2457995.6935752 -178.3 0.8
2457995.6976816 -182.1 0.9
2457995.7017892 -189.8 0.8
2457995.7058996 -188.7 0.9
2457995.7100199 -183.5 0.8
2457996.6735976 -133.3 0.8
2457996.6777038 -116.0 0.9
2457996.6818124 -90.8 0.9
2457996.6859214 -64.8 0.9
2457996.6900201 -40.1 0.9
2457996.6941275 -13.4 0.8
2457996.6982373 15.8 0.8
2457996.7023461 40.9 0.7
2457996.7064656 68.6 0.8
2457996.7131085 110.7 0.8
2457996.7172065 132.5 0.8
2457996.7213169 156.5 0.8
2457996.7254258 172.6 0.8
2457996.7295491 189.5 0.9
2457996.7336534 198.8 0.9
2457996.7377623 205.8 0.9
2457996.7418711 213.9 0.9
2457996.7459798 213.8 0.9
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Table Bl. White dwarf velocity measurements for SDSS
J084841.17+232051.7 from the Can 3934A absorption line

HJD(mid-exposure) RV (kms™ 1y Err (kms™)

2457859.4846316 46.5 4.5
2457859.4919063 53.8 4.9
2457859.4991749 68.6 4.9
2457859.5064655 88.9 4.9
2457859.5137851 109.6 4.9
2457859.5210477 131.8 5.1
2458224.5472608 119.8 4.9
2458224.5546431 140.2 4.5
2458224.5620364 150.8 4.6
2458224.5694316 160.8 4.7
2458224.5768256 1745 49
2458226.5367985 84.6 4.7
2458226.5441880 74.3 4.6
2458226.5515741 51.4 4.9
2458226.5589551 345 4.8
2458226.5663385 13.4 5.1
2458227.5137585 107.5 49
2458227.5211569 125.4 5.0
2458227.5285455 1404 5.1
2458227.5359294 149.5 5.0
2458227.5433194 168.6 4.7
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